Abstract-The emergence of miniaturized flexible electronics enables on-duty first responders to collect biometrical and environmental data through multiple on-body sensors, integrated into their clothing. However, gathering these life-saving data would be useless if they cannot set up reliable, preferable high-data-rate, wireless communication links between the sensors and a remote base station. Therefore, we have developed a four-element ultrawideband textile cross array that combines dual-spatial and dual-polarization diversity and is easily deployable in a first responder's garment. The impedance bandwidth of the array equals 1.43 GHz, while mutual coupling between its elements remains below −25 dB. For a maximal bit error rate of 1e−4, the array realizes a diversity gain of 24.81 dB. When applying adaptive subcarrier modulation, the mean throughput per orthogonal frequency division multiplexing (OFDM) subcarrier increases by an extra bit/symbol when comparing fourth-to second-order diversity.
I. INTRODUCTION
H IGHLY reliable communication in indoor environments is vital for first responders' safety. Indeed, ensuring safe working conditions by remotely monitoring their biometrical and sensor data decreases response time and the number of casualties. Transmit and/or receiver diversity by wearable onbody antenna arrays [1] , [2] drastically improves link reliability in wireless body area networks [3] , while wideband systems provide the data rates needed to wirelessly communicate pictures and/or videos. Koohestani et al. [4] describe ultrawideband (UWB) spatial and polarization diversity for two-element arrays on a rigid substrate. Furthermore, Yeom et al. [5] present a fourelement dual-spatial, dual-polarization broadband slot-coupled patch array on an FR-4 substrate, with only 15 dB isolation between the antenna elements (AEs), while Guan et al. [6] and Bayderkhani et al. [7] (SIW) cavity-backed arrays with a single feedline, hence without applying diversity. In [8] , 20.8-mm-high metamaterial mushrooms walls increase isolation between neighboring elements in a multiple-input-multiple-output (MIMO) antenna system. Yet, this solution is not applicable for low-profile on-body antenna arrays. Van Torre et al. [9] and Chahat et al. [2] propose antenna diversity for off-body communication channels at 2.45 and 60 GHz, respectively. Up to now, receiver diversity in body-tobody scenarios is implemented by several physically separated on-body antennas [10] , [11] . However, avoiding multiple fragile RF cables in a first responder's jacket, by deploying a single antenna array, improves robustness and avoids electromagnetic compatibility (EMC) issues. Moreover, all active transceiver and signal processing electronics may be stacked on a feed plane below its ground plane, yielding a compact active antenna module. Therefore, we propose a novel ultrawideband four-element SIW textile antenna array that exploits dual-spatial and dualpolarization diversity and operates in the low-duty-cycle restricted [3.4-4.8] GHz band [12] , while being obtrusively and invisibly integrated into the back section of a first responder's jacket. Besides increased reliability through diversity gain, the array realizes additional throughput gain per orthogonal frequency division multiplexing (OFDM) subcarrier through adaptive subcarrier modulation. Moreover, for the first time in literature, the antenna array performance is validated by using it to set up wideband dynamic single-input-multiple-output (SIMO) body-to-body links in an indoor office scenario. Section II describes the antenna array design, while Section III presents simulation and measurements results, together with the indoor measurement scenario and the calculated bit error rate (BER) characteristics.
II. ANTENNA ARRAY DESIGN
Body-worn applications in the public safety segment impose stringent design requirements to textile antennas, which must be unobtrusively integrated into the first responders' outfits, without hindering their movements nor adding weight. Good radiation characteristics and impedance matching are essential, even for a textile antenna in close proximity of the human body. This performance must be maintained when operating in harsh environments to prevent life-threatening situations. SIW cavitybacked slot (CBS) antennas address these specific design challenges [13] . In this work, the ultrawideband SIW antenna in [14] serves as the basic building block for the novel four-element antenna array shown in Fig. 1 . To obtain high radiation efficiency over an ultrawide impedance bandwidth, in each AE, a nonresonant rectangular slot splits the rectangular SIW cavity into sub- cavities A and B. By careful selection of the cavity and slot dimensions, a 50-Ω grounded coplanar waveguide feedline excites two hybrid modes at neighboring frequencies. Impedance bandwidth enhancement [15] is obtained by merging both modes. Fig. 1 shows four of these linearly polarized UWB SIW CBS AEs, arranged such that the array exhibits fourfold rotational symmetry. Then, subsequent AEs are orthogonally polarized, while equipolarized AEs (1&3 and 2&4) are separated by a distance of 75.1 mm, being larger than half the wavelength of the smallest operating frequency. In this way, this specific geometry optimally exploits both spatial and polarization diversity by minimizing correlation between received signals. In addition, cavity sidewalls are shared, while guaranteeing sufficiently low mutual coupling by optimizing the tubelet-spacing s 3 (see Fig. 1 ). A closed-cell expanded-rubber protective foam, typically applied as a protective layer in first responder jackets, is adopted as antenna substrate ( r = 1.495, tanδ = 0.035 at 3.9 GHz), whereas the slot and feed layer are implemented in copper-coated Tafetta fabric (surface resistivity 0.18 Ω/sq). Both conductive fabric layers are glued to the substrate by thermally activated adhesive sheets, after which brass tubular eyelets are inserted to implement the cavities' sidewalls. This specific combination yields a flexible, low-profile, and conformal broadband design that facilitates unobtrusive integration. An extensive computer-aided optimization process, carried out in CST Microwave Studio, yields the antenna dimensions (see Fig. 1 ) that provide maximal impedance bandwidth (|S 11 | < −10 dB w.r.t. 50 Ω) within thelow-duty-cycle restricted [3.4-4.8]-GHz band, while keeping mutual coupling between elements below −25 dB.
III. MEASUREMENT RESULTS

A. Antenna Array Performance
First, the array's performance is validated in an anechoic chamber by measuring its S-parameters from 3.0 to 5.0 GHz (see Fig. 2 ) and its radiation pattern at 3.9 GHz (see Fig. 3 ). Given the fourfold rotational symmetry, Fig. 2 only depicts the array's |S 11 |, as a measure for an element's impedance matching, and its |S 21 | and |S 31 |, representing the mutual coupling between elements. A very good agreement between simulations and free-space performance is obtained in (2) , with a matching to Z 0 = 50 Ω from 3.26 to 4.7 GHz, hence a −10-dB impedance bandwidth of 1.43 GHz, and a very high isolation (> 28.4dB) between AEs.
Furthermore, Fig. 3 reveals a standalone maximum gain of 4.0 dBi and a front-to-back ratio (FTBR) of 9.6 dB at 3.9 GHz.
In addition, measurements yielded a difference of 12.16 dB between copolar and cross-polar components along broadside (positive z-direction). Given the fact that the AEs are linearly polarized and that subsequent AEs are orthogonal, providing fourfold rotational symmetry (Section II), we conclude that subsequent AEs achieve polarization diversity. As the array is worn in close proximity of the human body, its performance was also tested when deployed on the back of a male test person (l = 1.79 m, w = 71 kg), as described in Section III-B. Then, Fig. 2 reveals only slight changes in the measured S-parameters, whereas Fig. 3 shows a similar maximum gain of 4.6 dBi and an increase in FTBR to 23.6 dB. Finally, the array's S-parameters were also measured when bent with a radius of 14.2 cm along bent-plane 1 and bent-plane 2 (see Fig. 1 ), as expected in realistic scenarios. The array maintains its excellent performance under these conditions (see Fig. 2 ). Note that, in all considered deployment scenarios, the measured return loss exceeds 5 dB in the complete low-duty-cycle restricted [3.4-4.8]-GHz band. This makes our UWB antenna an ideal candidate to be worn by a first responder. Moreover, the mean effective gain, calculated for the indoor multipath environment described in [16] , equals −2.8 dBi for AEs 1&3 and −3.4 dBi for AEs 2&4 at 3.9 GHz, which indicates good diversity performance.
B. Body-to-Body Measurement Scenario
Wideband body-to-body measurements, replicating real-life rescue operations, were performed in an indoor office scenario using the ULB-UCL elektrobit channel sounder with 100 mW TX power at 3.6 GHz center frequency with 80 MHz useful bandwidth. While the first responder at TX side, equipped with a single SIW textile antenna in the front section of his jacket, scans the hallway, the first responder at RX side, equipped with the novel cross array in the back section of his jacket, scans the offices. There was no line-of-sight (LoS) link between the TX front antenna and the RX cross array at any time, corresponding to a true indoor non-LoS scenario. Measurements were repeated twice for both a vertically and horizontally polarized TX antenna, yielding a total of 60 000 measurement cycles.
C. Correlation Analysis
For further calculations, the frequency-selective wideband channel is subdivided in 256 frequency-flat subcarriers with a bandwidth of 312.5 kHz, as in the 802.11 ac standard [17] . For each of the 256 frequency-flat subcarriers, the complex correlation coefficient ρ between channel samples of two physical channels from the 1 × 4 SIMO system is calculated. Four separate measurements, each lasting for 197 s and gathering 15 000 complex channel samples, are combined. The correlation ρ is calculated based on an array of 60 000 time samples × 256 subcarriers × 4 single-input-single-output (SISO) links. Because of the time-varying channel, the complex correlation coefficient is evaluated per subcarrier within a measurement window of 1 s. Since both firefighters walk at 0.5 m/s, the path loss remains constant within this window. Hence, the complex correlation coefficient ρ only comprises body shadowing and small-scale fading. To calculate correlation between, for example, signals from AE1 and AE2, a matrix of 60 000 × 256 complex correlation coefficients is first time-averaged for each OFDM subcarrier, after the mean value is computed over all 256 subcarriers [18] . Table I shows that the correlation coefficients remain well below 0.7. Therefore, the four SISO channels are sufficiently decorrelated to ensure that the SIMO-OFDM channel reliability increases when applying receive diversity on subcarrier basis.
D. Bit Error Rate
Let P k be the transmit power allocated to subcarrier k, σ 2 the noise power, and H i,k the channel matrix of subcarrier k from cycle i. Assume constant TX power with constant power spectral density, while the channel is unknown to the transmitter but perfectly known by the receiver. The signal-to-noise ratio (SNR) of subcarrier k at cycle i, SNR i,k , is then calculated as P k /σ 2 · H i,k H H i,k for all four SISO links. Furthermore, when applying maximal ratio combining per OFDM subcarrier, the subcarrier SNR (during cycle i) is calculated as the sum over SNR i,k for the corresponding (two or four) AEs. 1 × 2 spatial diversity combines two equally polarized AEs, such as AE1&3 or AE2&4 (see Fig. 1 ), whereas 1 × 2 polarization diversity combines two orthogonally polarized AEs, such as AE1&2, AE2&3, AE3&4, or AE4&1. When applying 1 × 4 spatial-polarization diversity, all four AEs are combined simultaneously. The corresponding BER of subcarrier k at cycle i, for 4-QAM modulation, is calculated as Q SNR i,k . The mean SNR and mean
The mean SNR is further used to calculate the corresponding E b /N 0 per RX antenna as 1/N RX . 1/log 2 M . SNR, with N RX the number of AEs and M the number of constellation points. Fig. 4 shows that 1 × 4 spatial-polarization diversity is more reliable than 1 × 2 spatial diversity or 1 × 2 polarization diversity. For example, for a BER upper limit of 1e−4, the minimal required E b /N 0 per RX antenna equals 9.36, 17.16, 17.63, or even 34.17 dB for 1 × 4 spatial-polarization, 1 × 2 polarization, 1 × 2 spatial, and no diversity, respectively. Hence, when applying dual-spatial, dual-polarization diversity for the 1 × 4 SIMO setup, the required E b /N 0 per RX antenna is, at least, 24.81 dB lower than for the reference SISO case [19] at the same maximal BER of 1e−4. Due to additional body shadowing, the channels perform slightly worse than (simulated) Rayleigh fading. Note that the x-axis represents E b /N 0 per RX antenna, to include both the effects of diversity and array gain.
E. Throughput
When channel state information is available at the transmitter, frequency selectivity can be exploited through adaptive subcarrier modulation, which increases the subcarrier throughput for a given BER threshold. For example, for a BER threshold of 1e−4, the subcarrier modulation may be increased from 4-QAM to either 16-, 64-or 256-QAM, compatible with the 802.11ac standard, when E b /N 0 per subcarrier is larger than 12.19, 16.49, or 21.18 dB, respectively. These E b /N 0 -values are obtained from the theoretical BER characteristics for additive white Gaussian noise since the subcarriers experience frequency-flat fading. The mean throughput is calculated as the mean over N subcarriers and L measurement cycles. Fig. 5 shows that 1 × 4 spatial-polarization diversity increases (mean) throughput compared to second-order diversity, when E b /N 0 per RX antenna is between 5 and 30 dB. In this specific range, the modulation order of some subcarriers may be increased for 1 × 4 spatial-polarization diversity versus 1 × 2 polarization, 1 × 2 spatial, and no diversity. Moreover, when assuming a received E b /N 0 equal to 10 dB, which is sufficient for reliable timing and frequency offset estimation on each receiver branch, the BER is above 1e−3 for 1 × 2 spatial or polarization diversity (see Fig. 4 ). However, for 1 × 4 spatial-polarization diversity, the corresponding BER remains below the preset 1e−4 upper BER. This motivates the need for a fourth-order receiver diversity system to guarantee reliable communication at lower E b /N 0 values. Moreover, by applying adaptive subcarrier modulation, an extra bit/symbol can be transmitted for 1 × 4 spatialpolarization diversity compared to second-order diversity, when E b /N 0 equals 10 dB.
IV. CONCLUSION
A new compact four-element textile cross array that exploits dual-spatial and dual-polarization receiver diversity was proposed. 1 × 4 spatial-polarization diversity guarantees a minimum diversity gain of 24.81 dB, for a maximal BER of 1e−4. Additionally, when comparing fourth-to second-order diversity, the mean throughput per subcarrier was increased by an extra bit/symbol through adaptive subcarrier modulation. This makes the novel antenna array topology suitable for highly reliable, high-data-rate body-to-body communication between first responders in indoor office environments.
